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Abstract
Multilayer graphene (MLG) films were grown by chemical vapour de-
position (CVD) on molybdenum carbide (MoCx) substrates. We fabri-
cated the catalytic MoCx films by plasma enhanced atomic layer deposi-
tion (PEALD). The mechanism of graphene growth is studied and anal-
ysed for amorphous and crystalline MoCx films. In addition, the unique
advantages of catalytic substrate PEALD are demonstrated in two ap-
proaches to graphene device fabrication. First, we present a complete
bottom up, resist-free patterned graphene growth (GG) on pre-patterned
MoCx PEALD performed at 50
◦C. Selective CVD GG eliminates the
need to pattern or transfer the graphene film to retain its pristine, as
grown, qualities. Furthermore, we fabricated MLG directly on PEALD
MoCx on 100 nm suspended SiN membrane. We characterise the MLG
qualities using Raman spectroscopy, and analyse the samples by optical
microscopy, scanning electron microscopy and X-ray diffraction measure-
ments. The techniques of graphene device manufacturing demonstrated
here pave the path for large scale production of graphene applications.
1 Introduction
Next generation graphene-based applications would require a resist and trans-
fer free graphene growth in order to realise the promise of graphene for flexible
electronics[1, 2], and sub 10nm nodes’ interconnects [3]. Graphene based in-
terconnects would significantly reduce the RC delay and thermal budget which
is currently the bottle neck in sub 10nm transistor nodes [4, 5] due to the ex-
cellent room temperature carrier mobility and thermal conductivity. However,
graphene based devices exhibit far lower carrier mobility than the theoretical
predictions promise. Encapsulation of graphene with lattice matching dielectric
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material such as hBN shows remarkable improvement, but performance is still
subpar [6]. The main challenges of current commercial chemical vapour depo-
sition (CVD) grown graphene are resist residue due to target transfer process
[7, 8], and patterning of graphene, which degrade the graphene quality, resulting
in the far lower carrier mobility than theoretical predictions. Known techniques
include photolithography, ion beam milling [9], shadow masking [10], area se-
lective passivation layer [11] and stencil mask [12]. Despite these tremendous
efforts, the goal of a scalable, low cost, high quality patterned graphene using
commercially available tools, has not been achieved. Photolithography methods
leave resist residue, and ion beam etching causes broad lateral damage close to
pattern area due to scattering ions [13, 14]. Patterning graphene with oxygen
plasma inevitably oxides graphene edges [15], and the stencil mask poses reso-
lution limitation . Furthermore, transfer of graphene from one substrate onto
another degrades the graphene quality due to induced film compression and ten-
sion, and potential contamination between the graphene and target interfaces.
A wholesome solution that avoids both the need to pattern the graphene or
to transfer a pre patterned graphene onto a target, has yet to be introduced.
While advancements have been made toward transfer free graphene grown on
patterned Mo catalytic layer [16], resist residue on the underlying growth sub-
strate cannot be fully removed. As defects, non uniformity and contamination
will imminently translate to graphene defects, it is vital to achieve a resist free
catalytic surface, in a uniform and conformal layer deposition. Atomic layer
deposition (ALD) is a cyclic, broad temperature window soft deposition, with
precise thickness control due to its self-limiting nature. It allows for unmatch-
ing conformal deposition on high-aspect ratio (HAR) objects. Recently, we
demonstrated the plasma enhanced ALD (PEALD) of MoCx, with excellent
composition control [17]. Consequently, we presented the growth of multilayer
graphene (MLG) films on these substrates, and the correlation between the cat-
alytic substrate physical and chemical properties to the grown MLG [18]. In
this work, we describe the growth mechanism of graphene on MoCx, and com-
pare between amorphous and highly crystalline catalytic substrates for graphene
growth. Finally, we demonstrate a proof of concept for the merits of ALD based
graphene growth for future interconnects (IC) in the form of low temperature
patterned PEALD of MoCx, for selective CVD growth of MLG, so that no
resist residue is present between the graphene and the catalytic material inter-
face. Additionally, we show the advantage of the ALD soft deposition on 100nm
thick suspended SiN membrane. Thereafter, MLG was grown on the suspended
SiN membranes to achieve suspended graphene based heterostructure without
exposing the suspended MLG to wet chemicals or corrosive acids.
2 Experimental methods
MoCx thin films have been deposited by plasma enhanced atomic layer depo-
sition (PEALD) at various temperatures and plasma conditions, as described
elsewhere [17].
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PEALD was performed on 100 mm Si (100) wafers coated with 450 nm of
thermally grown SiO2. The depositions were performed in an Oxford instru-
ments FlexAL2 ALD reactor, which is equipped with an inductively coupled
remote RF plasma (ICP) source (13.56 MHz) with alumina dielectric tube.
MoCx thin films have been deposited by PEALD at various temperatures and
plasma conditions, with MoCx films varying from 15µm to 30µm in thickness.
MLG was grown by low-pressure CVD (LPCVD) in a quartz tube (d=50mm,
l=60cm) furnace with 3 heat zones set to 1050◦C. The typical base pressure
when evacuated is 10−3 mbar. The furnace is set on cart wheels, to allow sam-
ples to be rapid annealed, as furnace temperature stabilises within 3.5 minutes
after tube insertion. When moved away from the furnace, sample cooling down
duration is typically 15 minutes. Carbon feedstock gas (CH4) is fed along with
Argon through a quartz inner tube of 5 mm in diameter to the sealed side of
the outer tube. MoCx films have been saturated with carbon by annealing at
temperatures between 500◦C to 800◦C with 100 sccm CH4 gas flow at 4 mbar
pressure. Then, graphene films have been grown under similar conditions at
1100◦C for 10 minutes. The samples were then promptly extracted from the
furnace and allowed to cool down at ambient room temperature under Ar gas
flow in the quartz tube. As shown in figure 3a photoresist (PR) ma-N 400 with
4.1 µm thickness on 90 nm SiO2 on Si 2” wafers were used for low temperature
PEALD of MoCx film. After deposition, MoCx was patterned by lift-off pro-
cess, and rinsed in isopropyl alcohol (IPA). 100 nm and 50 nm SiN membranes
were supplied by Philips Innovation Services (PInS) foundry. MoCx were also
deposited at 300◦C on 100 nm SiN membranes suspended on Si (5x5 mm sus-
pended rectangular area). MLG were then grown the MoCx films as illustrated
in figure 5. While deposition was successful for both SiN sample thicknesses,
due to the brittle nature of the thinner membranes we present here results
measured on the thicker 100nm based membranes. Raman spectroscopy was
performed with Reinshaw InVia 514 nm laser. Film crystallinity and preferred
crystal orientation was studied by Gonio x-ray diffraction. Experiments were
conducted with PanAnlytical X’pert PROMRD diffractometer operated using
CuKα(λ = 1.54A).
3 Characterisation and Results
This section is divided to three parts: first part deals with MLG growth mech-
anism in MoCx films and comparison between amorphous and crystalline cat-
alytic substrate. The second part demonstrate a technique for resist and transfer
free patterned graphene device. In the third part we fabricate MLG on a thin
suspended membrane using ALD and CVD. We show the limitation of Raman
measurements on suspended membranes low thermal conductivity.
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3.1 Carburisation of MoCx
We studied the growth mechanism of graphene on MoCx substrates, to optimise
growth process for the various film compositions. The importance of saturat-
ing the catalytic MoCx with free carbon is demonstrated and the effects of
film crystallinity on carbon precipitation to the surface during growth is shown
by Raman and XRD measurements. The mechanism of graphene growth on
MoCx films is explained in this section. When we subjected the MoCx film
to direct growth at 1100◦C for 10 minutes. SEM images show ablation on the
film surface, that has a characteristic graphene Raman signature [1a]. Outside
these areas, no indication of graphene growth was measured. We added then a
carburisation step in order to saturate the film with carbon and examined differ-
ent temperatures around the crystalline phase change temperature (∼ 650◦C).
Figure 1c indicates that for crystalline MoCx film, ideal saturation takes place
above the crystalline phase change, for MLG grown at the same growth time.
The lack of sufficient carburisation affects the graphene growth significantly, as
can be seen in figure 1c. This effect is less dominant with amorphous, low mass
density MoCx films, which can be carburised at lower temperatures as well.
After establishing an optimal carburisation temperature, we examined the ideal
growth time for various MoCx types. As seen in figure 2, MoCx with rich car-
bon content, typically low mass density and crystallinity exhibit good quality
MLG growth after 10 minutes at 1100◦C. MoCx films with higher mass density
and crystallinity display no graphene growth at this time duration, but rather
require a longer exposure time to CH4 at the growth temperature of 20 minutes.
Longer exposure begin to deteriorate the graphene film. We study the physical
alteration for this crystalline film during the carburisation and graphene growth
process, as seen in figure 2. XRD diffraction peak typical to cubic- MoC0.75
are dominant for the deposited film. After 2 hours carburisation at 800◦C, a
transition Orthorhombic crystalline phase is noted, along with sharp graphite
(101) plane diffraction peak. After 10 minutes graphene growth at 1100◦C, the
orthorhombic phase crystallinity increases, while no significant change in the
graphitic peak is noticed.
3.2 Patterned MLG Growth
Graphene film has been grown on patterned catalytic substrates. Patterning of
MoCx has been performed by a lift-off process, so that no exposed MoCx surface
needed to be coated with PR. When depositing MoCx at 150
◦C we found resist
residues on the SiO2, due to hard baking of the photoresist at this temperature,
as the thermal stability limits of the PR (110◦C). Moreover, after the CVD
growth we found random patches of MLG coverage on the exposed MoCx, and
no continuous MLG coverage. However, when the PEALD is performed at 50◦C,
we could seamlessly remove the PR and no significant traces were found after lift-
off. The CVD growth of graphene on these samples showed full MLG coverage
with excellent uniformity, albeit a relatively high D/G peak ratio. Moreover, as
can be seen in figure 4a, D and G peaks were detected throughout the exposed
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SiO2 areas, but no significant 2D peak. We have seen that a transfer free release
of MLG on MoCx membranes is a direct result of wet etching the Mo based
catalyst. This observation is valid for ultra thin layers with thicknesses below
30 nm. Thicker layers (> 50nm) release the MLG film such that the graphene
membrane is afloat on the liquid surface.
3.3 MLG Growth on Suspended Thin Film
SiN membranes were suspended on Si substrate with 5x5 mm openings. MoCx
was then deposited by PEALD process. There after, MLG was grown by a
CVD growth process. Thus, a suspended heterostructure of MLG/MoCx/SiN
was fabricated on the supporting Si frame. MLG film grown on SiN membrane
were characterised by Raman spectroscopy, as can be seen in 6. We measured
the Raman signal at the edge of the suspended membrane where the SiN was
supported by the underlying Si, and at the centre of the membrane, where the
MLG was on top of ∼ 15nm MoCx and 100 nm SiN. The Raman spectrum was
fitted and baseline corrected due to enhanced SiN background signal. Although
Raman spectroscopy is considered a non-destructive measurement, we discov-
ered that suspended MLG/SiN membranes were highly sensitive to the Raman
laser power. As figure 6c shows, when 10% power of the 20mW Laser was used,
an increase in the D peak was measured, and the 2D peak was quenched in com-
parison to 5% power. With 50% power of the Raman’s laser, we could punch a
hole through the heterostructure suspended membrane as seen with an optical
microscopy image [see figure 6d ].
4 Discussion and Conclusions
We have demonstrated in this work the growth mechanism and conditions of
MLG on PEALD MoCx films. In order to achieve full graphene film coverage,
and a uniform graphene growth, carburisation of the substrate is essential. The
carburisation step allows for saturation of the catalytic film with free carbon.
The free carbon then precipitate to the surface during annealing at 1100◦C. We
found that in order to saturate MoCx film with higher mass density, carburisa-
tion temperature has to exceed the crystalline phase change point. For MoCx
film we found that point to be around ∼ 650. Amorphous films with lower mass
density could be saturated at lower carburisation temperatures.
We compared MLG growth time on amorphous film and on a highly crystalline
one. The prolonged annealing time necessary to grow graphene on crystalline
film is stipulated to result from low carbon saturation during carburisation,
due to the dense crystal structure and the resulting low bulk precipitation of
free carbon. Defects ratio of MLG on crystalline film could be explained with
the transition from a single crystalline cubic-MoC0.75 to a polycrystalline or-
thorhombic phase, which results in multiple strain points in the MLG film. By
contrast, graphene growth on an amorphous carbon rich film is more facile and
results in a lower D/G peak ratios. After understanding the growth mechanism,
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we demonstrated the advantages of graphene growth on PEALD catalytic films.
The low temperature, soft and atomic precise deposition allows for pre pat-
terning of catalytic substrates, such that no PR coating of the growth surface
is needed. We demonstrated here an initial proof of concept, which showed a
full film coverage with excellent uniformity. We speculate that decomposition
of the CH4 molecules on the SiO2 surface with PR residue is the reason for
the carbide formation outside the patterned MoCx areas. The relatively high
D/G peak could be addressed by growth process optimisation, and different ap-
proaches to selective ALD which was out of the scope of this work. We cannot
rule out potential surface impurities during the lift-off process, that could result
in additional amorphous carbon during the CVD growth process. A complete
bottom up selective area ALD process will avoid any potential resist contami-
nation and should allow for a broader deposition window. We have also used
ALD to deposit MoCx films on brittle SiN membranes of 50 and 100 nm. The
MLG growth demonstrated on 100 nm suspended membrane shows a viable
fabrication route for sensor applications, and graphene based resonators for a
wide range of frequencies. We showed for the first time damage to a suspended
heterostructure caused directly by Raman measurements. The low thermal con-
ductivity of the SiN is likely the cause for the local damage to the suspended
heterostructure, with no directly available heat sink - as oppose to the membrane
edges. This however could prove useful, when punctured suspended graphene
heterostructures are required, for water filtration and desalination applications
for example. Building on the capabilities demonstrated here, the route for future
application based on patterned graphene or suspended graphene heterostructure
is clearly marked. Further steps, such as Al2O3 encapsulation, could be readily
performed by ALD directly on the MLG without damage by a process of hy-
drogenation and post ALD annealing [19]. Moreover, one can combine recent
developments in area selective ALD to realise a complete bottom up fabrication
of the catalytic substrate resist free, with atomic-scale precision alignment.
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(a) SEM: MoCx ablation
(b) SEM: MLG grown on MoCx (c) Raman spectra (carb. temp)
Figure 1: SEM images and Raman spectrum of MoCx after CH4 annealing at
1100◦C. Top: (a) SEM image of films that were not carburised prior to growth.
Bottom: (b) SEM image of MLG grown on carburised MoCx film. Smooth
surface no signs of inhomogeneity. (c) Raman spectrum after graphene growth
on crystalline MoCx, as a function of carburisation temperature. Growth time
remained identical for all 3 experiments.
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Figure 2: Raman spectra and XRD measurements. Left: Raman measurements
of MLG grown on (a) amorphous MoCx film and (b) Single crystalline MoCx
after 10 and 25 minutes growth at 1100◦C. Left: (c) XRD measurements of
crystalline MoCx for each process step from ALD, to carburisation, to graphene
growth
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(a) Fabrication flow graphics (b) Optical microscope
Figure 3: Fabrication of patterned MLG. (a) Fabrication flow schematics: com-
puter grphics and illustration of fabrication steps. (b) Top right: optical mi-
croscopy of pre patterned MoCx ALD at 50
◦C after deposition.
(a) D/G peak ratios mapping (b) 2D/G peak ratios mapping
Figure 4: Characterisation of patterned MLG: Raman mapping scan of
40µmx40µm area with 1µm step resolution of MLG grown on 20 µm thick
MoCx ALD film . (a) left: D/G peak ratio shows a high D/G peak ratio, albeit
uniformal continuous coverage. (b) Right: 2D/G peak ratio show a uniform
continuous MLG film. Variation in colour is inversely proportional to MLG
uniformity
12
Preprint Preprint Preprint
Figure 5: Illustration of suspended heterostructure and optical images.
(a)+(b)+(c) Computer graphics of the fabrication schematics of suspended
graphene heterostructure. (d) Optical images of SiN membranes before and
after PEALD of ∼ 15 nm MoCx film on top
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(a) MLG/SiN/Si substrate (b) 5% laser power
(c) 10% laser power (d) Optical microscope: 50% laser power
Figure 6: Raman spectrum of MLG CVD grown on ALD of MoCx on SiN
membrane. Measurements taken on the membrane’s edge with underlying Si,
and at various spots around the centre of the membrane with increasing laser
power. (a) MLG on SiN membrane’s edge with underlying Si substrate. (b)
Raman scan measured with 5% laser power shows diminished 2D peak and a
rise in D peak. (c) Raman scan measured with 10% laser power shows quenched
2D peak and a high D peak. (d) Optical microscope image: after Raman scan
measured with 50% laser power. A hole is punched through the MLG/MoC/SiN
suspended heterostructure
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